Highly acidic (pH 0-1) biofilms, known as 'snottites', form on the walls and ceilings of hydrogen sulfide-rich caves. We investigated the population structure, physiology and biogeochemistry of these biofilms using metagenomics, rRNA methods and lipid geochemistry. Snottites from the Frasassi cave system (Italy) are dominated (470% of cells) by Acidithiobacillus thiooxidans, with smaller populations including an archaeon in the uncultivated 'G-plasma' clade of Thermoplasmatales (415%) and a bacterium in the Acidimicrobiaceae family (45%). Based on metagenomic evidence, the Acidithiobacillus population is autotrophic (ribulose-1,5-bisphosphate carboxylase/ oxygenase (RuBisCO), carboxysomes) and oxidizes sulfur by the sulfide-quinone reductase and sox pathways. No reads matching nitrogen fixation genes were detected in the metagenome, whereas multiple matches to nitrogen assimilation functions are present, consistent with geochemical evidence, that fixed nitrogen is available in the snottite environment to support autotrophic growth. Evidence for adaptations to extreme acidity include Acidithiobacillus sequences for cation transporters and hopanoid synthesis, and direct measurements of hopanoid membrane lipids. Based on combined metagenomic, molecular and geochemical evidence, we suggest that Acidithiobacillus is the snottite architect and main primary producer, and that snottite morphology and distributions in the cave environment are directly related to the supply of C, N and energy substrates from the cave atmosphere.
Introduction
Acidophilic microorganisms control biogeochemical cycling in a variety of natural and anthropogenically influenced environments. Acidophiles from high-temperature environments such as hot springs and fumaroles (Schleper et al., 1995; Inskeep et al., 2010) , and iron-rich systems such as bioleaching operations and acid mine drainage (AMD) (Johnson and Hallberg, 2003; Tyson et al., 2004) have been the target of numerous studies linking microbial activity with geochemistry. Extremely acidophilic communities from low-temperature, sulfur-rich environments are common but less well studied, and include concrete-corroding subaerial biofilms in sewers (Okabe et al., 2007) and subaerial 'snottites' from sulfide-rich caves (Macalady et al., 2007) . Snottites are extremely acidic (pH 0-1) microbial biofilms that form on the walls and ceilings of caves where sulfide-rich springs degas H 2 S into the cave air ( Figure 1 ; Hose et al., 2000; Macalady et al., 2007; Jones et al., 2008) . Sulfide oxidation produces sulfuric acid, which dissolves the limestone walls of the cave. Microcrystalline gypsum precipitates as a corrosion residue that eventually limits pH buffering by the underlying limestone and enables the development of extremely acidic wall surfaces. Previous research using rRNA methods showed that snottites have very low biodiversity and are dominated by Acidithiobacillus spp., sometimes with other less abundant populations of bacteria and archaea (Hose et al., 2000; Vlasceanu et al., 2000; Macalady et al, 2007) .
Snottites in the Frasassi cave system are components of a thriving, sulfur-based chemosynthetic ecosystem isolated from surface-derived organic matter (Galdenzi and Maruoka, 2003; Macalady et al., 2006) . Biofilms are a prominant feature of the cave environment, both above and below the water table. Ongoing work at Frasassi, including measurements of water table sulfide degassing rates, indicates that subaerial sulfuric acid production is significant and possibly more important than acid production below the water table. Because sulfuric acid dissolves limestone and enlarges the cave, there may be important feedbacks between the physiology and activity of snottite microorganisms and meterto kilometer-scale geochemical processes. However, little is known about the metabolic potential of snottite populations. For example, the nearest relatives of several Frasassi snottite organisms, including Thermoplasmatales-group archaea and Acidimicrobiaceae (Actinobacteria), originate from iron-dominated environments (Clark and Norris, 1996; Tyson et al., 2004) . Therefore, their physiologies and ecological roles in the iron-poor, H 2 S-fed snottite communities are unclear. The sulfur-dependent energy metabolism of snottite Acidithiobacillus can be inferred from 16S rRNA sequence phylogenies, but many other important aspects of their physiology are unknown.
Metagenomics-genomic DNA sequencing directly from a mixed community gene pool-is an important source of genetic information from environmental samples (Allen and Banfield, 2005) . In this study, we used metagenomics in combination with rRNA methods and lipid analyses to probe the metabolic potential and ecological roles of snottite microorganisms. The objectives were: (1) to resolve the composition and structure of the snottite community, including populations overlooked by rRNA methods due to primer and probe biases; (2) to investigate the metabolic potential and ecological role(s) of snottite Acidithiobacillus and other populations, including their pathways for carbon fixation, nitrogen fixation, sulfur oxidation and heterotrophy; and (3) to propose adaptations for survival in the extreme acidity (pH 0-1) of the biofilm matrix. These objectives were met using a relatively small metagenomic dataset, in which the genomic coverage of the dominant Acidithiobacillus population was estimated to be 2-3Â .
Materials and methods
Sample collection, DNA extraction and rRNA analyses We collected roughly 3 g of biofilm (sample RS24) from 1 m 2 of cave wall at site RS2 in the Frasassi cave system, Italy (Supplementary Figure S1) . Biofilm pH was measured in the field with pH paper (range 0-2.5). Environmental DNA was extracted from RS24 as described in Bond et al. (2000) , after first diluting the RNAlater (Ambion/ Applied Biosystems, Foster City, CA, USA) preserved sample with three parts phosphate-buffered saline to one part sample. To remove excess polysaccharides from the final extract, we reprecipitated the DNA under high salt concentrations as follows: the pellet was resuspended in 200 ml Tris (200mM, pH 8.0), 100 ml NaCl (5 M) and 600 ml ethanol (100%), incubated at À20 1C for 30 min and pelleted for 20 min at 4 1C. Near-full-length 16S rRNA gene sequences were cloned from sample RS24 using archaeal specific primers 344f (ACGGGGYGCAGCAGGCGCGA) (Raskin et al., 1994) and deg1392r (ACRGGCGGTGTGTRC) (modified from 1392r, Lane, 1991) , using the cloning procedure described previously . Fluorescent in situ hybridization (FISH) was performed using probes THIO1, ACM732, EUBMIX, ARCH915 and FER656 as described in Macalady et al. (2007) .
Lipid analyses
Total lipid extracts were prepared from the RS24 biofilm using a modified Bligh-Dyer extraction as described by Talbot et al. (2003) , with dichloromethane substituted for chloroform. Analyses of ether lipids and bacteriohopanepolyols ('hopanoids') were performed with an Agilent 6310 high pressure liquid chromatograph/mass spectrometrometer (Agilent Technologies, Santa Clara, CA, USA) following the procedures of Hopmans et al. (2000) and Talbot et al. Snottites form on subaerial cave surfaces in areas exposed to H 2 S(g) degassing from circumneutral cave streams. Snottites have extremely acidic pH values (0-1), because they are isolated from limestone cave walls and gypsum corrosion residues that would otherwise buffer the pH 42. Metagenomics DNA from sample RS24 was pyrosequenced at the Pennsylvania State University Center for Genomic Analysis with a GS20 platform (454 Life Sciences, Branford, CT, USA; Margulies et al., 2005) . All metagenome reads were compared via BLASTX (Altschul et al., 1997) to the NCBI non-redundant (nr) database, after first removing identical read copies and putative rRNA gene sequences. Before BLASTX analyses, protein sequences from 'Thermoplasmatales archaeon Gpl' in the AMD microbiome were added to the nr database (Tyson et al., 2004; Markowitz et al., 2008 ; available at http://img.jgi. doe.gov/m). Reads matching nr with a bit score o40 were removed before subsequent analyses. As we were unable to assemble more than 5% of reads into non-chimeric contigs 4500 bp, we analyzed only unassembled metagenomic sequences. We annotated reads to functional categories identified in the clusters of orthologous groups of proteins (COGs) classification system (Tatusov et al., 2003) , using reverse position specific BLAST with a bit score cutoff of 35. We binned RS24 metagenome reads to taxonomic groups using MEGAN v.3.2.1 (Huson et al., 2007) , using a bit score threshold of 40, min support of 1 and top percent of 10%. We identified P-type ATPase transporters using links between TC family and COGs provided at TransportDB (Ren et al., 2004) . We calculated functions that were overrepresented in the snottite metagenome by comparing COG assignments from eight other publicly available metagenomes also generated with GS20 pyrosequencing technology.
In order to ensure that function and taxonomy were accurately assigned for metagenomic reads, we determined appropriate parameters for BLAST analyses, COG assignments and taxonomic binning with MEGAN, using simulated datasets constructed from full-length protein and genome sequences. For example, appropriate MEGAN parameters were determined by BLAST analysis of simulated datasets against two versions of the nr database: the original nr database with query sequences present and a modified database from which the query organisms were removed. Complete details for all methods are provided in the Supplementary Material. Metagenomic sequences are deposited in the National Center for Biotechnology Information Sequence Read Archive under accession number SRA026550. Genbank accession numbers are HM754546-HM754573 for 16S rRNA and HM852513-HM852515 for squalene-hopene cyclase (SHC) sequences.
Results
Field observations and geochemistry Snottites at site RS2 are viscous biofilms attached to cave walls at their base and hang down as far as 3 cm into the cave atmosphere (Figure 1) . Snottites collected for sample RS24 were attached exclusively to microcrystalline gypsum wall crusts and were associated with elemental sulfur precipitates on biofilm and adjacent gypsum surfaces. Temperature (13 1C) and humidity (close to 100%) are virtually constant throughout the year. Individual snottites had pH values between 0 and 1. H 2 S(g) concentration at site RS2 was 8-24 ppm by volume (ppmv), CO 2 (g) was 3300 ppmv, CH 4 (g) was 1.9-2.2 ppmv, and NH 3 (g), NO 2 (g) and SO 2 (g) were below detection (0.25, 0.1 and 0.1 ppmv, respectively).
Pyrosequencing of RS24 snottites
We obtained 12.9 Mb of quality metagenomic sequence from the GS20 pyrosequencer. After screening to remove duplicates that arise as an artifact of pyrosequencing, the dataset reduced to 11.9 Mb and 118 624 total reads. These sequences had an average length of 100.3 bp, an average G þ C content of 51.5% and a mode G þ C of 54%. Using criteria described in the methods, 40.5% of reads had significant matches to the nr database, 39.4% of these (17.1% of total reads) were assigned to COG categories (Supplementary Figure S2) and 0.23% matched rRNA genes (0.08% to 16S rRNA genes).
Snottite community composition
In earlier work that included FISH and 16S rRNA cloning (Macalady et al., 2007) , we found that the most abundant bacterial 16S rRNA phylotypes (498% 16S rRNA similarity) in snottites collected throughout the Frasassi cave system are relatives of Acidithiobacillus thiooxidans and the genera Acidimicrobium and Ferrimicrobium (Acidimicrobiaceae family, Actinobacteria). Consistent with this earlier work, FISH analyses of snottite sample RS24 indicated that Acidithiobacillus and Acidimicrobiaceae are the most abundant bacterial populations (Figure 2, Supplementary S3 and S4) . Detailed phylogenetic analyses of Acidimicrobiaceae 16S rRNA sequences from Macalady et al. (2007) showed that they belong to a monophyletic sister group to the genus Ferrimicrobium (Supplementary Figure S5) .
FISH analyses with the archaeal domain probe ARCH915 indicated that archaea make up 17% of the RS24 community (Figure 2f and Supplementary Figure S3 ). Ferroplasma populations identified previously in Frasassi snottites using FISH (Macalady et al., 2007) were not detected in sample RS24. Analysis of metagenome sequences matching 16S rRNA genes revealed that RS24 archaea are most closely related to members of the 'G-plasma' group in the Thermoplasmatales. From the G-plasma metagenomic sequences, we learned that universal primer 1392r (Lane, 1991) has a 1-bp mismatch to 16S rRNA sequences from G-plasma. Other primers 1492r (Lane, 1991) and archaeal-specific 21f (DeLong, 1992) also have mismatches with the G-plasma clade. Therefore, we added a degenerate nucleotide to the sequence of primer 1392r (new primer deg1392r) and subsequently used it to amplify 16S rRNA sequences from RS24 environmental DNA. In the resulting library of 28 clones, 26 sequences belonged to a single G-plasma phylotype (Supplementary Figure S6) . On the basis of the new knowledge that most sequenced RS24 archaea are G-plasma, we added metagenomic sequences from the Iron Mountain AMD G-plasma (Tyson et al., 2004) to the nr database, which increased the number of reads in the snottite G-plasma bin by 172%.
Taxonomic classification of phylogenetic markers in the metagenome confirms the RS24 community composition determined from FISH population counts ( Figure 2 ). We used metagenomic 16S rRNA genes, RNA polymerase-b subunit (Case et al., 2007) and a set of 31 universal genes identified by Ciccarelli et al. (2006) to construct independent estimates of community composition (Figures 2c-e) . Together, these phylogenetic markers show that RS24 is dominated by Gammaproteobacteria (71.4-75.4%), Thermoplasmatales (15.6-20.0%) and Actinobacteria (5.7-7.0%), with the addition of several low-abundance taxa ( Figure 2 ). These include Chlamydiae identified with both RNA polymerase-b subunit and the universal marker gene set (Figures 2c and d) . The Chlamydiae sequences are most closely related to protist endosymbionts, including Candidatus Protochlamydia amoebophila UWE25 (Collingro et al., 2005) . Eukaryotic sequences were rare but detectable in the metagenome (Figure 2 ), and we observed large nucleated cells resembling protists and fungi in FISH analyses.
Gene and genome coverage of snottite organisms
We estimated the expected genome coverage for each snottite population (defined as total nucleotides sequenced/genome size) in sample RS24 based on FISH population counts, the average genome size of related organisms and the size of the metagenomic dataset (Supplementary Figure S7 ; Whitaker and Banfield, 2006) . Expected sequence coverages for Acidithiobacillus, G-plasma and Acidimicrobiaceae are 3.0Â , 0.72Â and 0.24 Â , respectively. Assuming a Poisson distribution of DNA Figure 2 Comparison of RS24 community composition based on FISH and metagenomic data. (a) Taxonomic classification and binning of all metagenomic reads. Using the criteria described in the methods, 40.5% of total metagenome reads were assigned to taxa. *groups include reads that cannot be assigned to a more specific taxonomic group. Taxa that make up o0.5% of all matches are omitted from the figure. (b) Community composition based on taxonomic classification of all metagenomic reads, after removing reads assigned to non-specific groups (for example, 'other bacteria'). (c-e) Community composition based on phylogenetic markers from the metagenome: (c) 31 universal genes (Ciccarelli et al., 2006) , (d) 16S rRNA genes and (e) RNA polymerase-b subunit sequences. (f) Community composition determined from FISH cell counts. Numbers in parentheses represent one s.d. FISH probes used to generate the data were THIO1, genus Acidithiobacillus, ACM732, Acidimicrobiaceae family, EUBMIX, bacteria and ARCH915, archaea.
Extreme acidophile community genomics DS Jones et al sequencing, 95% of the Acidithiobacillus genome is present in the metagenome, and 51% and 22% of the G-plasma and Acidimicrobiaceae are present, respectively. Based on metagenome reads that we could assign to 18 single copy genes from Acidithiobacillus, the average coverage of that population is 2.1 Â (ranging from 0.8 to 4.3 Â , see Supplementary Material).
To evaluate how well our metagenome represents the gene content of the different populations, we simulated random shotgun sequencing by a 454 GS20 platform and calculated the proportion of total genes represented by at least one read (Supplementary Figure S8 ). From this simulation, we found that for a coverage of 3 Â , 100% of the genes and 95% of the total nucleotide positions are represented. For coverages of 0.72 Â and 0.24 Â , although only 51% and 21% of the total nucleotide positions are represented, 98% and 82% of the genes are represented by at least one read (Supplementary Figure S8) . Accordingly, the Acidithiobacillus and G-plasma bins have all amino-acyl tRNA-synthases represented by at least one read, with the exception of asparaginyl-tRNA synthetase in Acidithiobacillus (Table 1) . As for other Acidithiobacilli, snottite Acidithiobacillus populations may synthesize Asn-tRNA by transamidation of mischarged AsptRNA Asn (Salazar et al., 2001) . The Acidimicrobiaceae bin contains reads for nine AA-tRNA synthetases.
Sulfur oxidation pathways
We identified reads matching sulfur oxidation genes in the snottite Acidithiobacillus bin (Table 2) , including sulfide-quinone reductase (SQR), tetrathionate hydrolase, thiosulfate:quinone oxidoreductase and three of four central components of the sox system (soxAX, soxB and soxYZ). There is no evidence for soxCD, or for flavocytochrome C or dissimilatory sulfite reductase (DSR). We did not retrieve any sequences matching the recently identified bacterial sulfur oxygenase-reductase genes (Chen et al., 2007) , including the predicted sulfur oxygenase-reductase in Acidithiobacillus caldus (Valdés et al., 2009) .
We found no evidence for sulfur oxidation in the G-plasma bin. No evidence was found for archaeal SQR, thiosulfate:quinone oxidoreductase or sulfur oxygenase-reductase, even though homologs of SQR and sulfur oxygenase-reductase are known from Extreme acidophile community genomics DS Jones et al several Thermoplasmatales organisms (Kletzin, 2007; Chan et al., 2009) . The Acidimicrobiaceae bin contains three reads matching SQR. We found no other evidence for sulfur oxidation enzymes in the Acidimicrobiaceae bin.
Carbon metabolisms
We identified matches to ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) and phosphoribulokinase in the Acidithiobacillus bin (Table 2) . These enzymes are diagnostic of carbon fixation by the reductive pentose phosphate pathway (Shively et al., 1998) . The Acidithiobacillus bin also contains several reads matching carbonic anhydrase (COG0288) and carboxysome shell proteins (COG4577). We found no evidence for any of the known carbon fixation pathways in the Acidimicrobiaceae and G-plasma bins (see Supplementary Material) .
The metagenome contains 40 reads matching RuBisCO large and small subunits. Although some of these sequences binned as Acidithiobacillus, because RuBisCO is a highly conserved protein, the majority of these reads are not assigned to specific taxonomic bins (Figure 2a ) by our MEGAN criteria. Therefore, to better identify C fixing organisms, we aligned metagenome reads matching RuBisCO against reference RuBisCO sequences. From this alignment, we identified at least two divergent, overlapping RuBisCO large subunit sequences, both most similar to RuBisCO from Acidithiobacillus spp. by nucleotide sequence. Therefore, we suggest that the snottite Acidithiobacillus has multiple copies of RuBisCO, at least one of which is type I. The metagenome also contains two reads most similar to environmental RuBisCO sequences amplified from grassland soil by Videmšek et al. (2009) . These two reads are only distantly related to RuBisCO from Acidithiobacillus spp., Acidimicrobium ferrooxidans and archaea.
The Acidimicrobiaceae bin contains multiple reads matching genes for the breakdown of complex organics (Supplementary Table S1 ). These include four hits to enoyl-CoA hydratase, two hits to chitinase, two hits to extradiol ring-cleavage dioxygenases and matches to glycosidases and galactosidases.
Nitrogen metabolisms
We found no evidence for nitrogen fixation (nifH, nifD or nifK) in the metagenome, whereas several COGs for ammonia and nitrate assimilation are strongly overrepresented (Supplementary Figure S9) . Reads matching ammonia permeases are found in both the Acidithiobacillus and G-plasma bins, and all three bins contain hits to glutamine synthetase, indicating the potential for ammonium assimilation. The Acidithiobacillus bin contains reads matching nitrate reductase narB and 45 hits to nitrite reductase nirB from other Acidithiobacilli including Acidithiobacillus thiooxidans (Levicán et al., 2008) . We also identified one read similar to nitrate reductase-a subunit narG (COG5013), which is part of a membrane bound nitrate reductase (narGHJI) used for either respiratory or assimilatory functions (Richardson et al., 2001; Malm et al., 2009) . Although this read is not assigned to the Acidimicrobiaceae bin using our MEGAN criteria, the top 10 blast matches are assigned to members of the Actinobacteria. We found no COGs related to nitrate or nitrite assimilation in the G-plasma bin, nor any reads matching archaeal nitrate and nitrite reductases listed by Cabello et al. (2004) . We found no evidence for dissimilatory ammonia oxidation by ammonia monooxygenase in the metagenome. Extreme acidophile community genomics DS Jones et al
Biofilm formation
The Acidithiobacillus bin contains reads matching flagella and type IV pilus biosynthesis genes, which are important in early biofilm formation (Davey and O'toole, 2000) . It also has reads matching genes for the biosynthesis of expolymeric substance precursors UDP-glucose, UDP-galactose (GalEU) and dTDP-rhamnose (rfbABCD) (Barreto et al., 2005) .
Membrane lipids
Membrane lipid structures and other membrane modifications are known to contribute to the maintenance of pH homeostasis in acidophiles. We identified multiple metagenomic reads matching SHC, an essential enzyme in bacteriohopanepolyol ('hopanoid') biosynthesis (Pearson et al., 2007) . SHC is present in both the Acidithiobacillus and Acidimicrobiaceae bins, in addition to a sequence affiliated with the Betaproteobacteria (Supplementary Figure S10a ). Direct amplification and cloning of SHC genes from the RS24 DNA extract retrieved three unique, partial SHC sequences (see Supplementary Material). Sequence SDPr_DirF shares 94% identity at the amino acid level with Acidithiobacillus ferrooxidans ATCC 53993 and the other two sequences are from the Proteobacteria (clone SDPr_Cl121) and an unknown clade (clone SDCy21B) (Supplementary Figure S10b ; Pearson et al., 2009) . Sequence SDPr_DirF was obtained by direct sequencing of the PCR product without cloning. Notably, the ability to obtain any amount of clean sequence in the absence of cloning is consistent with the expectation that a close relative of Acidithiobacillus ferrooxidans is the dominant bacterium in the biofilm and that it is the major source of the hopanoid lipids detected in this sample. We confirmed that snottite organisms are actively producing hopanoids in the environment by high pressure liquid chromatograph/mass spectrometrometer analysis of intact polar lipids. We detected four bacteriohopanepolyol structures in the RS24 biofilm total lipid extract, including adenosylhopane, bacteriohopanetetrol, aminotriol and cyclitol ether (Supplementary Figure S11) . We also analyzed the RS24 lipid extract for tetraether-linked membrane lipids that have previously been shown to be critical for archaeal life in acidic environments (Macalady et al. 2004) . The sample contained five isoprenoid glycerol dialkyl glycerol tetraether lipid structures (Supplementary Figure S12) . No archaeal or bacterial diethers were detected. Glycerol dialkyl glycerol tetraether lipids from RS24 contain between 0 and 4 cyclopentane rings (no cyclohexane rings) and have structures previously identified in Thermoplasmatales-group isolates.
Discussion

Carbon and energy metabolisms of snottite populations
Our results indicate that Acidithiobacillus are the main primary producers in the snottite community (Figure 3) . Acidithiobacillus make up approximately 70% of cells and appear to be lithoautotrophs, consistent with the observation that snottites do not occur on cave walls where sulfide gas concentrations are less than 0.2 ppm (Macalady et al., 2007) . Carbon fixation occurs by the reductive pentose-phosphate pathway, facilitated by multiple copies of RuBisCO, carbonic anhydrase and carboxysomes.
There is evidence that the snottite Acidithiobacillus uses multiple sulfide oxidation pathways (Table 2) . SQR catalyzes the two-electron oxidation of sulfide to zero-valent sulfur (Griesbeck et al., 2002; Wakai et al., 2007) , tetrathionate hydrolase disproportionates tetrathionate to thiosulfate, sulfate and elemental sulfur , and thiosulfate:quinone oxidoreductase oxidizes thiosulfate to tetrathionate (Mü ller et al., 2004) . In sulfur-oxidizing acidophiles including At. ferrooxidans, these components are proposed to operate together in a pathway known as the 'SQR-system', in which sulfate is an end product (Rohwerder and Sand, 2007; Valdés et al., 2008a; Valdés et al., 2008b) . Acidithiobacillus also has components of a partial sox system, including soxAX, soxB and soxYZ, but no evidence for soxCD. In microorganisms with a complete sox system (for example, Friedrich et al., 2001; Sauvé et al., 2007) , soxCD catalyzes the sixelectron oxidation of a soxYZ-bound sulfane to a sulfone, which is later released as sulfate. Organisms known to use a partial sox system without soxCD produce zero-valent sulfur as an intermediate or end product (Hensen et al., 2006) . In these organisms, DSR is thought to be necessary for further oxidation of the elemental sulfur produced (Pott and Dahl, 1998, 2005; Hensen et al., 2006) , but DSR was not detected in the snottite metagenome.
The presence of both an SQR and a partial sox system could provide flexibility in the sulfur metabolism of the Acidithiobacillus population, and the occurrence of S1 deposits on snottite surfaces might result from multiple end products of biological sulfide oxidation. Specifically, the absence of DSR in the metagenome indicates that S1 could be produced when the partial sox pathway is expressed. The absence of DSR also indicates that sulfate reduction has a minor role, if any, in the snottite community. This is in sharp contrast to sulfur-oxidizing communities below the cave water table, which host substantial populations of sulfatereducing bacteria that supply sulfide-oxidizing lithoautotrophs with an alternative sulfide source when concentrations in the bulk water are low (Macalady et al. 2006 .
We found no evidence for lithotrophy or carbon fixation by the snottite G-plasma population, so we suggest that they are heterotrophic. Although coverage of the G-plasma is low, simulated sequencing (Supplementary Figure S8) and matches to AA-tRNA synthetases (Table 1) indicate that our metagenome contains a nearly complete representation of the gene content of this population. Our results are consistent with other work showing that heterotrophy is the most common carbon metabolism among known members of the Thermoplasmatales (Schleper et al., 1995; Tyson et al., 2004) . However, more work will be required to obtain a detailed understanding of the role of G-plasma in snottite biogeochemistry.
Based on metagenomic evidence, it is likely that the snottite Acidimicrobiaceae population is capable of organotrophic or mixotrophic growth (Supplementary Table S1 ). The Acidimicrobiaceae bin contains three SQR fragments, which could indicate either lithotrophic sulfur oxidation or sulfide detoxification (Griesbeck et al., 2000) . The nearest relatives of the snottite Acidimicrobiaceae are from acidic, iron-rich environments and include obligate heterotrophs Ferrimicrobium acidophilum and Ferrithrix thermotolerans (Johnson et al., 2009) and mixotrophic Acidimicrobium spp. (Clark and Norris, 1996; Cleaver et al., 2007) . The ability to oxidize both sulfide and organic carbon represents a distinct niche and could allow Acidimicrobiaceae to avoid direct competition with lithoautotrophic Acidithiobacillus populations in the biofilm.
Nitrogen cycling
Possible sources of fixed nitrogen in the cave system are nitrate in downward-percolating groundwater and ammonia degassing from the water table. Dripping groundwater collected near Frasassi cave entrances can have up to 50 mM NO 3 À (unpublished data). Although the RS2 sample site is not near a cave entrance and we have not observed active dripping at the site, diffuse seepage of downwardpercolating water could theoretically deliver nitrate-nitrogen to snottite microorganisms. The potential for ammonia degassing in sulfidic caves was first recognized by Stern et al. (2003) , based on low nitrogen isotopic values measured on the walls of Lower Kane Cave, Wyoming (d 15 N below À15%). Figure 3 Conceptual model of the biogeochemistry of Frasassi snottite biofilms, based on evidence from metagenomic, rRNA, lipid and geochemical analyses. Carbon fixation, expolymeric substance (EPS) production and acid generation occur largely due to the metabolism of lithoautotrophic, sulfide-oxidizing Acidithiobacillus. Energy substrates (H 2 S, O 2 ) and C and N for primary production (CO 2 , NH 3 ) are from gasses in the cave atmosphere. Trace metals and other non-volatile nutrients such as phosphorous ultimately derive from limestone cave walls, corrosion residues or downward percolating groundwater solutions.
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Extremely low d
15 N values (below À20%) have also been measured on Frasassi cave walls (Vlasceanu et al., 2000; Jones et al., 2008) and are thought be the result of N isotopic fractionation during the ammonia degassing process. Streamwaters at site RS2 have pH 7.3 and 30-80 mM NH 4 þ (Macalady et al., 2006) . Thus, field and laboratory observations point to ammonia degassing from the circumneutral water table and subsequent trapping in the acidic biofilm matrix as a plausible mechanism to supply fixed nitrogen to snottites.
No evidence for N 2 fixation (nifH, D or K) was found in the RS24 metagenome. As the nif genes are highly conserved and genome coverage of the dominant snottite organism (Acidithiobacillus) is nearly complete, the metagenomic results indicate that Acidithiobacillus do not fix nitrogen in this snottite community. Nonetheless, we recognize that low abundance populations of N 2 fixers may be present. We cannot rule out the potential for N 2 fixation by Acidimicrobiaceae (B6% of cells) or other even rarer populations. However, ammonia permeases and nitrate assimilation functions are overrepresented in the metagenome (Supplementary Figure S9) . Thus, metagenomic data support the hypothesis that fixed sources of nitrogen in the snottite environment supply N for the lithoautotrophic growth of the main biofilm population.
Adaptations for survival at extremely low pH In order to thrive at extremely low pH values, snottite microorganisms must maintain a cytoplasmic pH that is several orders of magnitude higher than that of their external environment. Proton leakage in many acidophiles is offset by maintaining an insidepositive membrane potential as a charge barrier (Cox et al., 1979) . This mechanism is thought to work by uptake of potassium and other cations (Baker-Austin and Dopson, 2007) . Accordingly, reads matching ion transporters are abundant in the metagenome and, in particular, P-type ATPases for active potassium transport are overrepresented in the metagenome (Figure 4) .
There is growing evidence that hopanoids in bacteria (Welander et al., 2009 ) and tetraether-linked lipids in archaea (van de Vossenberg et al., 1998; Macalady et al., 2004) function to reduce membrane permeability to protons. Based on evidence from two independent methods (metagenomics and PCR), snottite Acidithiobacillus have the SHC gene essential for hopanoid production. Both methods also show that other bacterial populations in the snottite community including Acidimicrobiaceae, contain the SHC gene. Pearson et al. (2007) estimate that the fraction of hopanoid producing bacteria in nature is less than 10%. Thus, the presence of SHC in both major snottite bacterial populations is significant and supports the hypothesis that hopanoid production is an important bacterial adaptation to extreme acid. Ether-linked lipids in the snottite total lipid extract were exclusively tetraethers (Supplementary Figure S12) , indicating that snottite G-plasma have membrane chemistry expected for extreme acidophiles. Interestingly, functions devoted to membrane/cell wall/envelope biogenesis are strongly overrepresented in the snottite metagenome (Figure 4) , which had the highest proportion of COGs in this category among all the metagenomes we compared.
Snottite ecology and biogeochemistry
Metagenomic data reveal important insights into the structure and function of Frasassi snottite communities, beyond those that we obtained using rRNA methods. Together with geochemical and lipid analyses, these data provide a conceptual model of snottite ecology that will guide future work at Frasassi and other sulfidic caves distributed globally (Figure 3) . A role for Acidithiobacillus as the main primary producer, sulfuric acid generator and biofilm architect in the Frasassi snottite community is supported by metagenomic analysis. Other major populations (for example, G-plasma, Acidimicrobiaceae and eukaryotic organisms) are likely heterotrophs or mixotrophs that rely on organic carbon fixed by Acidithiobacillus. Nitrogen is provided to the community either by rare nitrogen-fixing populations or by NH 3 degassing from the circumneutral water table, or both.
As the cave atmosphere supplies H 2 S and O 2 that support energy generation, as well as CO 2 and (potentially) NH 3 required for autotrophic growth, the formation of hanging biofilms with high surface area to volume ratio is a crucial feature of snottite ecology. Hanging biofilms also have minimal contact with cave wall minerals such as calcite and gypsum that would buffer the pH 42. Other cave wall biofilms (pH 4-6) in the sulfidic zones at Frasassi have species richness comparable to soil , demonstrating that neither complete darkness nor dispersal limitations are the root cause of low species richness in snottites. Metagenomic data show that Acidithiobacillus have flagella, pilin and expolymeric substance biosynthesis genes required to form biofilms. Equipped with adaptations for life in acid (for example, hopanoid production, K þ transporters), Acidithiobacillus thrive in the extremely acidic snottite matrix, which excludes microorganisms that may otherwise compete for nutrients and the abundant thermodynamic energy available from sulfide oxidation in the cave air.
The Frasassi cave snottite community provides an interesting comparison to the extreme AMD community described by Tyson et al. (2004) . The closest relatives of several snottite organisms derive from AMD environments (Supplementary Figures S5, S6) , despite striking differences in the geochemistry of the two environments including metal ion concentrations (toxic levels in AMD, potentially growth-limiting levels in limestone caves) and available electron donors (Fe 2 þ in AMD, H 2 S in snottites). Despite these differences, both communities are dominated by a large population of lithoautotrophic bacteria (470% of total cells), with smaller populations of heterotrophs. Both communities have very low species richness, consistent with exclusion of most species by extremely low pH (0-1). Nitrogen-fixers represent 10-12% of cells in the AMD community, but were not detected in the snottite community, reflecting either nitrogen fixation by rare community members and/or the availability of sufficient fixed nitrogen in the cave environment (Figure 3 ). Membrane adaptations (for example, hopanoid biosynthesis) to extremely acidic conditions are found in the major bacterial populations in both snottite and AMD communities.
Advantages and limitations of metagenomic analysis with short reads The RS24 metagenomic dataset was obtained using first generation 454 Life Sciences pyrosequencing technology, which produced short reads averaging 100 bp. This technology has proven to be an effective tool for metagenomics (for example, Edwards et al., 2006; Dinsdale et al., 2008) . Due to recent advances in sequencing technology, platforms such as Illumina/Solexa (San Diego, CA, USA) and ABI SOLiD (Applied Biosystems, Foster City, CA, USA) produce reads between 50-100 bp in length, and these platforms are becoming increasingly popular for metagenomic analyses because they combine low cost with extremely high throughput (for example, Lazarevic et al., 2009; Qin et al., 2010) . Therefore, short-length sequence reads are likely to remain an important tool for metagenomics in the future and will be associated with both advantages and disadvantages in comparison with other metagenomic approaches.
There are significant challenges to using short sequences for metagenomic analysis. Shorter reads contain less information, with the result that it is more difficult to assign taxonomic affiliations and gene functions. In the snottite metagenome, reads assigned to Gammaproteobacteria could be reassigned to Acidithiobacillus, Actinobacteria to Acidimicrobiaceae and archaea to G-plasma. This binning approach was dependent on 16S rRNA cloning and FISH population counts indicating that a single species overwhelmingly dominated each of these higher-level clades. The use of FISH (an in situ technique) also allowed us to evaluate potential DNA extraction bias in the metagenome. In addition Extreme acidophile community genomics DS Jones et al to constraints derived from FISH, we used stringent criteria for sequence annotations and tested our methods with a variety of simulated datasets to ensure that functional and taxonomic assignments were as accurate as possible (Supplementary Table  S2 ). We could only assign 40% of all metagenomic reads using these conservative criteria, although this is high compared with other studies that used 454 GS20 technology for metagenomics (c.f. Biddle et al., 2008; Dinsdale et al., 2008) . Analyses of simulated datasets with MEGAN indicate that unless a strain of the query organism is present in the nr database, binning rates using 454 GS20 data are expected to be similarly low (Supplementary Table S3 ). Biases due to the unequal representation of microbial taxonomic groups in genome databases are a major challenge for metagenomics in general (for example, Fuchsman and Rocap, 2006; Huson et al., 2007) . Database biases are especially significant for short sequences, because we cannot use ab initio gene predictors and must determine function based on similarity to known sequences. The effects of database bias are evident in our analyses in several ways. First, the taxonomic classification of all reads is skewed towards Acidithiobacillus compared with other taxa (Figure 2b ), because the genus Acidithiobacillus and its parent group Gammaproteobacteria are better represented in the nr database compared with G-plasma and Acidimicrobiaceae. Second, when we added Iron Mountain AMD G-plasma sequences (Tyson et al., 2004) to the nr database, the number of reads assigned to G-plasma increased by 174%. Likewise, the addition of the Acidimicrobium ferrooxidans genome to the nr database increased the number of reads and we could assign to Acidimicrobiaceae by 175%. Database biases will diminish with the rapidly increasing number of microbial genome and metagenome sequences, but remain an important challenge for current efforts.
However, as this study demonstrates that there are significant advantages to using short pyrosequencing reads for metagenomic analyses. The RS24 metagenome cost less than $3000 (United States dollars) and yet produced data that revealed important metabolic attributes of snottite organisms including carbon and nitrogen fixation, energy metabolisms and adaptations to life in extreme acid. These data will enhance future cultivation and sequencing efforts. Although still subject to DNA extraction biases that affect all DNA-based characterization technologies, pyrosequencing platforms do avoid biases associated with PCR and cloning. Notably, metagenomic data identified G-plasma as the major archaeal component of sample RS24, allowing us to address mismatches between Gplasma and published archaeal 16S rRNA primers. More generally, pyrosequencing provides a way to quantitatively assess archaeal contributions to microbial communities, despite long-known and significant biases against archaea in published PCR primers, probes and during cloning (Teske and Sørensen, 2007; Biddle et al., 2008) . Finally, as microbial genomes continue to be added to public databases, metagenomes composed of short reads may become the most efficient path to metabolic profiling of entire communities, because representative fragments of a large number of genes can be detected with low overall sequencing effort.
